Carryover of tembotrione and atrazine in sugar beet. Cien. Inv. Agr. 46(3): 319-324. A field experiment was performed to determine the effects of tembotrione and atrazine residues in soil on sugar beet eight months after herbicide application. The treatments included sugar beet cultivation with tembotrione-contaminated soil (50.4 g a.i. ha -1 ), tembotrione (100.8 g a.i. ha -1 ), tembotrione and atrazine (50.4 g a.i. ha -1 + 2 L a.i. ha -1 ), tembotrione and atrazine (100.8 g a.i. ha -1 + 2 L a.i. ha -1 ), atrazine (2 L a.i. ha -1 ) and soil without herbicide application. In general, in comparison to the control, when sugar beets were grown following any of the herbicide treatments, the crop dry biomass was reduced. However, only treatments sprayed with a high rate of tembotrione significantly reduced sugar beet yield.
Introduction
Herbicides with high persistence in soil can cause phytotoxicity in sensitive crops cultivated in succession. This phenomenon is known as a carryover or residual effect (Mancuso et al., 2011) . This residual effect is the main factor that impairs crop succession. Although visible crop injury may not be apparent, persistent herbicides may result in reduced growth and crop yields, even in conditions of low herbicide concentrations in soil (Silva et al., 2013) , and cause inadvertent chemical residues in harvested crops. In Brazil, annual crops such as corn and soybean are often grown in immediate succession and are subject to herbicides remaining from a previous crop. The response of vegetable crops to these herbicide residues in soil depends upon the herbicide (Felix and Doohan, 2005) , the species and cultivar (Felix et al., 2007) , soil texture, pH, soil organic matter (Ismail and Ahmad, 1994) rainfall, and temperature.
Tembotrione inhibits the enzyme 4-hydroxyphenylpyruvate dioxygenase (HPPD) and causes bleaching in susceptible plants. Tembotrione is registered for weed control in corn and is often applied in combination with atrazine, a photosystem II (PSII) inhibitor (MAPA, 2019) . Few studies exist regarding tembotrione carryover to succeeding crops (Bomtempo et al., 2016) , while there are many reports of carryover available for other 'bleaching' herbicides that inhibit pigment synthesis (clomazone, mesotrione and isoxaflutole) in species including sugar beets, cabbage, tomato and potato (Robinson, 2008) . Atrazine residues can also damage certain susceptible crops (USDA, 2015) . Crops such as garlic, onion, potato and carrot showed reduced yields even two years after atrazine application (Robinson, 2008) .
According to the tembotrione label marketed for Brazil, a sowing interval greater than 30 days after application is recommended prior to planting crops such as sunflower, cotton and dry bean, but there are no similar sowing restrictions listed for vegetable crops (MAPA, 2019) . However, on the label of the same commercial product in the United States of America, an interval of 18 months is recommended prior to sowing sugar beet in soils treated with tembotrione (USDA, 2015) . Unfortunately, the lack of information regarding the behavior of tembotrione in tropical soils makes it difficult to estimate the degree of injury that might be caused to a vegetable crop planted following tembotrione application in Brazil.
This study was designed to evaluate the growth and productivity of sugar beet planted eight months after application of atrazine and tembotrione to determine the degree of herbicide carryover in Brazilian cropping systems.
Materials and methods
A sugar beet carryover experiment was conducted between August and December 2014 at the experimental field station of the Federal University of Viçosa -Campus Rio Paranaíba, Minas Gerais. Before sowing sugar beet, the experimental area was planted with corn (DKB-390 variety VT PRO II) on 15 November 2013. The herbicidestembotrione (50.4 g a.i.ha -1 ), tembotrione (100.8 g a.i.ha -1 ), tembotrione and atrazine (50.4 g a.i.ha -1 + 2 kg i.a.ha -1 ), tembotrione and atrazine (100.8 ga.i.ha -1 + 2 kg a.i.ha -1 ), and atrazine (2 kg a.i.ha -1 ) -were applied to corn at V2 using the sprayer PJ 401 Jacto ® with four TT11002 nozzles spaced 0.50 m apart and at a pressure of 172.37 kPa. The experimental area had no history of herbicide application prior to planting corn, and only manual weed control was performed for the potato crop.
The experiment was performed in a randomized block design with five replications. The treatments included sugar beet cultivation in soil, eight months after application of the five tembotrione treatments listed above. An additional treatment was added as a control and had no herbicide applied. Each plot consisted of four double sugar beet rows (1.75 m wide by 15 m long), totaling 26.25 m 2 . At sugar beet harvest, only 10 m of the two central double rows were evaluated. The outer 2.5 m, totaling 5 m, was excluded to avoid any yield variability resulting from the increase in light penetration.
The experimental soil area was classified as clay (67% clay), and its chemical properties are presented in Table 1 . Soil preparation prior to sugar beet planting included subsoiling followed by harrowing and rotary tilling. Fertilizer was applied at planting with 800 kg ha -1 monoammonium phosphate (80 kg ha -1 N and 384 kg ha -1 P 2 O 5 ), 200 kg ha -1 potassium chloride (120 kg ha -1 K 2 O) and 1500 kg ha -1 superphosphate (270 kg ha -1 P 2 O 5 ).
The sugar beet cultivar Boro was planted 15 August 2014 using a Semeato 113 SHM 11/13 planter. Spacing was approximately 10 cm between sugar beet plants within the same row, while the double rows were approximately 20 cm apart to provide a plant population of 500,000 plants ha -1 . Following typical production practices, sugar beet seedlings were thinned 25 days after emergence to a final plant population of 400,000 plants ha -1 . At 45 days after emergence (DAE), 50 kg ha -1 of urea (22.5 kg ha -1 of N) and 250 kg ha -1 of KCl (150 kg ha -1 of K 2 O) were applied to the field to supplement the nutrient requirements of the crop. Plots were hand weeded as needed.
Sugar beet dry mass was determined at 15, 30, 45 and 60 DAE. Ten plants were collected randomly, oven dried with air circulation at 65 °C for 72 hours and weighed using an analytical balance. Sugar beet yield was determined at 75 DAE at crop maturity. Harvested roots were graded according to the CEAGESP guidelines for root equatorial diameter (CEAGESP, 2019): Extra A (50 to 90 mm) and Extra AA (91 to 110 mm). The individual weight of each grade was recorded.
Data were subjected to an analysis of variance and regression. The means were compared by Tukey's test at a 5% probability. The software used to perform statistical analysis was SISVAR version 12.0 ® .
Results and discussion
The regression model for the accumulation of sugar beet dry mass during the growing season was similar for all treatments, with dry matter increasing from 15 to 45 DAE followed by a plateau between 45 and 60 DAE (Fig. 1 ). However, a trend was observed. The dry matter accumulation of beets decreased when grown in soil with a history of herbicide application. In comparison to the control, atrazine reduced the dry biomass of sugar beet aerial parts in all evaluations (Table 2) . By 60 DAE, in comparison to the control, the treatment with atrazine alone reduced the dry biomass of sugar beet by 47%. Similar results were found for onions and carrots, which showed dry weight reductions of up to 23% and 33%, respectively, compared to that of the control, when atrazine was applied in a previous year (Robinson, 2008) . Sugar beet injury by atrazine was also verified by Demircioğlu (2007) , who reported chlorosis, deformation and browning of leaves, stunting, and browning at the proximal end of the plant stem, which reduced the number of germinated seeds and dry and fresh root weight even when low doses of atrazine were used.
Simulated atrazine and tembotrione carryover reduced Extra A sugar beet yield but did not increase the amount of sugar beets discarded compared to that of the control (Table 3) . Nelson and Penner (2005) evaluated sublethal doses of isoxaflutole applied at pre-emergence through irrigation water to alfalfa, carrot, cucumber, onion, beetroot, and tomato and noted that the use of doses substantially lower than those used for weed control in maize induced the test plants to show herbicide injury. However, clomazone at 1.1 or 2.2 kg a.i. ha -1 did not reduce the yield of sugar beet planted one or two years after application (Renner and Powell, 1991) .
There are a few studies in the literature documenting tembotrione carryover in sugar beet. However, some previous research has shown that this crop is sensitive to the herbicide and can be used as an indicator crop to determine the level of tembotrione residues in soil (Bontempo et al., 2016) . Tembotrione is a weak acid herbicide with a pKa = 4.22, and the pH 5.5 of the studied soil increases the proportion of herbicide molecules in a dissociated state. The sorption reduction of tembotrione in this type of clay soil is due repulsion among the negatives charges of soil and of the herbicide. Thus, tembotrione will be more prone to leach losses, which reduces its concentration at root absorption depths and may decrease herbicide injury in sensitive plants. However, in some cases, there is no correlation between herbicide sorption and clay concentration because the chemical properties of the clay depend on the source material and the degree of weathering, which can vary widely in tropical conditions. Additionally, in the summer of 2013/2014, rainfall was lower than the historical average rainfall, which might have reduced herbicide leaching.
Atrazine and tembotrione residues from the combined application did not reduce shoot dry matter or total sugar beet yield ( Table 2 , Table  3 ). The combined application of two or more herbicides may alter the efficiency of one of the molecules, either by additive, synergistic or antagonistic effects (Charles et al., 2018) . Additive and synergistic effects have been reported for different mixtures of herbicides, for example, the combination of atrazine + diuron (Wilkinson et al., 2015) , mesotrione + s-metolachlor (Carles et al., 2018) , and atrazine + butachlor (Chen et al., 2015) . However, other studies have shown antagonistic effects for glyphosate + cloransulam-methyl (Harre et al., 2018) . In this work, the application of atrazine and tembotrione individually reduced the sugar beet root yield. However, the mixture of these herbicides with atrazine did not have the same effect, indicating that an antagonistic effect among atrazine and tembotrione may occur in the field or spray tank. These herbicides have different modes of action, but both affect the photosynthetic process of sensitive plants (Cooper et al., 2007) . Tembotrione inhibits the synthesis of carotenoids, whereas atrazine affects the electron transport between PSII and PSI (Cooper et al., 2007) . Therefore, the inhibition of carotenoids promoted by residues of tembotrione in soil, especially in new leaves, can reduce the formation of electrons in photosystem II, reducing the herbicidal action of atrazine. Bontempo et al., 2016 observed a similar effect for a carrot crop when atrazine and tembotrione were applied in a mixture.
We conclude that atrazine and tembotrione residues may negatively affect sugar beet yield when applied to corn 8 months prior to planting sugar beets. Based on these results, it has been suggested that sugar beet not be cultivated in an area treated with atrazine or tembotrione for at least eight months. Se realizó un experimento de campo con remolacha azucarera para determinar los efectos de los residuos de tembotriona y atrazina en el suelo, ocho meses después de la aplicación del herbicida. Los tratamientos incluyeron cultivo de remolacha azucarera con suelo contaminado con tembotriona (50.4 g ai ha -1 ), tembotrione (100.8 g ai ha -1 ), tembotriona y atrazina (50.4 g ai ha -1 + 2 L ai ha -1 ), tembotrione y atrazina (100.8 g ai ha -1 + 2 L ai ha -1 ), atrazina (2 L ai ha -1 ) y suelo sin aplicación de herbicida. En general, cuando se cultivó remolacha azucarera siguiendo cualquier tratamiento con herbicida, se redujo la biomasa seca del cultivo en comparación con el control. Sin embargo, solo los tratamientos rociados con alta tasa de tembotriona +
